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ABSTRACT
Observed extinction curves of active galactic nuclei (AGNs) are significantly different from those
observed in the Milky Way. The observations require preferential removal of small grains at the AGN
environment; however, the physics for this remains unclear. In this paper, we propose that dust
destruction by charging, or Coulomb explosion, may be responsible for AGN extinction curves. Harsh
AGN radiation makes a dust grain highly charged through photoelectric emission, and grain fission
via Coulomb explosion occurs when the electrostatic tensile stress of a charge grain exceeds its tensile
strength. We show that Coulomb explosion can preferentially remove both small silicate and graphite
grains and successfully reproduce both flat extinction curve and the absence of 2175A˚ bump.
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1. INTRODUCTION
Dust is a crucial component of active galactic nu-
clei (AGNs) (Urry & Padovani 1995). Recently, mid-
infrared interferometric observations have revealed that
the presence of dust grains at polar regions at pc-scales
(Ho¨nig et al. 2012, 2013; Tristram et al. 2014; Lo´pez-
Gonzaga et al. 2016; Leftley et al. 2018; Ho¨nig 2019).
These polar dust grains are thought to be irradiated by
harsh AGN radiation almost directly, and grain proper-
ties could be different from those observed in the local
interstellar medium (e.g., Laor & Draine 1993).
The wavelength dependence of extinction at ultravio-
let wavelengths is a powerful tool to infer dust proper-
ties at the polar region because grain properties are im-
printed in the extinction curves (e.g., Li 2007). Previous
observations have shown that AGN extinction curves
are significantly different from those observed in the
Milky Way (Maiolino et al. 2001b,a). Major proper-
ties of AGN extinction curves are (i) flat wavelength de-
pendence at far-ultraviolet wavelengths and (ii) the ab-
sence of 2175A˚ bump (Gaskell et al. 2004; Czerny et al.
2004; Gaskell & Benker 2007), which is thought to be
caused by small graphite grains and/or polycyclic aro-
matic hydrocarbon (PAH) nanoparticles (e.g., Draine &
Lee 1984; Weingartner & Draine 2001a; Compie`gne et al.
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2011). These observations imply that small grains, in
particular for graphite grains, are preferentially removed
from the AGN environments.
Several mechanisms have been proposed to explain the
depletion of small grains, such as thermal sublimation
and sputtering (Laor & Draine 1993); however, these
models seem to fail. The sublimation is more likely
to remove silicate grains rather than graphite grains,
which is not consistent with observations (e.g., Gaskell
et al. 2004). Chemisputtering might also preferentially
destroy hot graphite grains (Barlow 1978; Draine 1979);
however, it might be suppressed for highly charged grain
as thermal sputtering is suppressed at the vicinity of
AGN (e.g., Tazaki & Ichikawa 2020). In addition, drift-
induced sputtering may not be an efficient mechanism
for destroying small grains (. 0.1 µm) because Coulomb
coupling between gas and the grains tends to halt hyper-
sonic drift (Tazaki & Ichikawa 2020). Although Hoang
et al. (2019) pointed out rotational disruption recently,
this mechanism is also inefficient for disrupting small
grains. If 2175 A˚ bump is associated with PAH nanopar-
ticles (e.g., Li & Draine 2001), these small grains might
be disrupted by stochastic heating at around AGN, al-
though this possibility is also inconclusive. Hence, up to
date, a physical process responsible for flat and feature-
less extinction curves is still a matter of debate.
In this paper, we propose a new scenario for the origin
of AGN extinction curves: dust destruction by charging,
or Coulomb explosion (e.g., Draine & Salpeter 1979;
Weingartner et al. 2006). Dust destruction by charg-
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ing has been discussed in the field of gamma-ray burst
(Waxman & Draine 2000; Fruchter et al. 2001); however,
such effect has been overlooked in interpreting AGN ex-
tinction curves. Since Weingartner et al. (2006) have
shown that Coulomb explosion can occur even if grains
are 100 pc away from quasar, it is naturally anticipated
that such process may significantly alters grain proper-
ties at pc-scale AGN environment.
In this paper, we study how dust destruction by charg-
ing affects AGN extinction curves and compare our
model with previously suggested thermal sublimation
model. This paper is organized as follows. In Section 2,
we summarize methods to calculate Coulomb explosion
and thermal sublimation. Extinction curves predicted
by dust destruction models are presented in Section 3.
Sections 4 and 5 present Discussion and Summary, re-
spectively.
2. METHODS AND MODELS
2.1. AGN Environment
The radiation spectra of AGNs are taken from
Nenkova et al. (2008) and the bolometric luminosity is
assumed to be LAGN = 10
45 erg s−1. For convenience,
we define L45 = (LAGN/10
45 erg s−1). Since we focus
on grains at polar region, where grains are thought to be
irradiated by AGN radiation directly, we ignore atten-
uation of AGN radiation. At the pc-scale polar region,
radiation-hydrodynamic simulations suggests that the
gas temperature and density are about Tg ≈ 104 K and
nH ≈ 10 − 103 cm−3, respectively (Wada et al. 2016).
Hence, we adopt Tg = 10
4 K and nH = 10
2 cm−3 as a
fiducial set of parameters. For the sake of simplicity, we
assume Tg and nH are constants.
2.2. Grain Charge
Dust grains become positively charged in the AGN
environments (Weingartner et al. 2006). We compute
grain charge Zd (in the electron charge unit) by solving
the rate equation (Weingartner et al. 2006; Tazaki &
Ichikawa 2020):
dZd
dt
= Jpe − Je + Jsec,gas + Jion, (1)
where Jpe is the photoelectric emission rate (Weingart-
ner & Draine 2001b; Weingartner et al. 2006), Je and
Jion are the collisional charging rate of electrons and
ions, respectively (Draine & Sutin 1987), and Jsec,gas
is the rate for secondary electron emission induced by
incident gas-phase electrons (Draine & Salpeter 1979).
Typical charging timescale of a neutral grain due to
electron collisions is J−1e ∼ 0.9 s (Draine & Sutin
1987), where Tg = 10
4 K, grain radius a = 0.1 µm,
the electron density ne = 10
2 cm−3, and the stick-
ing probability of 0.5 (Draine & Sutin 1987) are used.
Since charging timescale is much shorter than dynamical
timescale, we can assume the steady state in Equation
(1). In addition, we can also ignore grain charge dis-
tribution because the single-charge equilibrium approx-
imation gives reliable results for highly charged grains
(Weingartner et al. 2006). Thus, in this paper, we solve
Jpe − Je + Jsec,gas + Jion = 0 to find Zd.
It is useful to introduce the ionization parameter,
Uion ≡ nγ/nH, where nγ is the total photon number
density beyond 13.6 eV. Since the grain charge is mostly
determined by the balance of photoelectric emission and
electron collisions, Uion characterizes the grain-charge
amount. For the radiation spectra of AGNs used in
Nenkova et al. (2008), we obtain
nγ = 2.61× 106 cm−3
(
LAGN
1045 erg s−1
)(
r
pc
)−2
, (2)
where r is the distance from the central engine of AGN.
As a result, the ionization parameter becomes
Uion = 2.61× 104
( nH
102 cm−3
)−1( LAGN
1045 erg s−1
)(
r
pc
)−2
.(3)
2.3. Grain Temperature
The grain temperature, Td, is obtained from radiative
equilibrium:
LAGN
4pir2
pia2〈Qabs〉AGN = 4pia2σSBT 4d 〈Qabs〉Td , (4)
where r is the distance from the AGN, 〈Qabs〉AGN and
〈Qabs〉Td are AGN-spectrum averaged absorption effi-
ciency and Planck mean absorption efficiency at dust
temperature Td, respectively, and σSB is the Stefan–
Boltzmann constant. The absorption efficiency, Qabs, is
calculated by using the Mie theory (Bohren & Huffman
1983), and the optical constant of silicate grains was
taken from Draine & Lee (1984); Laor & Draine (1993);
Draine (2003). For graphite, the optical constant is cal-
culated by adding the interband and free electron con-
tributions (see also Draine & Lee 1984; Laor & Draine
1993; Draine 2003), where we adopt free electron models
of Aniano et al. (2012). If the size parameter x = 2pia/λ,
where λ is the wavelength, is larger than 2×104, we use
the anomalous diffraction approximation (van de Hulst
1957) instead of using the Mie theory.
2.4. Grain Destruction Processes
We consider two kinds of dust destruction: Coulomb
explosion (Section 2.4.1) and thermal sublimation (Sec-
tion 2.4.2).
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Figure 1. The electrostatic potential, U = eZd/a, for silicate grains (left) and carbonaceous grains (right). Solid, dotted,
and dot-dashed lines represent the results for Uion = 10
4, 103, and 102, respectively. Blue, green, and red colors represent gas
temperature Tg = 10
6 K, 105 K, and 104 K, respectively. Gray solid and dashed lines represent the threshold for Coulomb
explosion for grains of the tensile strength Sˆmax,9 = 1 and 10, respectively.
2.4.1. Coulomb explosion
If a dust grain acquires large amount of positive
charges, Coulomb repulsion force within the grain causes
grain fission, so-called Coulomb explosion (Draine &
Salpeter 1979). The condition for Coulomb explosion
is (Draine & Salpeter 1979),
S =
1
4pi
(
U
a
)2
≥ Smax, (5)
where S is the tensile stress in a charged sphere, U =
Zde/a is the electrostatic grain potential, and Smax is
the tensile strength of the material. In the following, we
use the normalized tensile strength defined by Sˆmax,9 =
(Smax/10
9 erg cm−3).
If the grain potential satisfies U(a) ≥ a(4piSmax)1/2,
the electric stress exceeds tensile strength of a grain, and
then, Coulomb explosion will occur. We define the crit-
ical grain radius for Coulomb explosion, aCE, such that
U(aCE) = aCE(4piSmax)
1/2. Grains smaller than aCE
are subjected to Coulomb explosion. Coulomb explo-
sion will produce fragments of smaller grains. However,
smaller fragments will be also charged enough to cause
Coulomb explosion. Hence, we expect that a cascade
fragmentation of grains due to Coulomb explosion oc-
curs.
The tensile strength of a dust grain depends on ma-
terial properties, such as composition and crystallinity.
Although the tensile strength of cosmic dust particles is
highly uncertain, laboratory measurements gives us an
estimate (see Hoang et al. 2019, for a summary of tensile
strength). The tensile strength of graphite (polycrys-
talline) is suggested to be about Sˆmax,9 = 0.5−1 (Burke
& Silk 1974). Hence, in this study, we adopt the con-
servative value of Sˆmax,9 = 1 for graphite grains. The
tensile strength of forsterite (silicate) can be as small
as Sˆmax,9 = 1.21 (Gouriet et al. 2019). Meanwhile,
MacMillan (1972) reported the tensile strength of glass
rods and fibers are about Sˆmax,9 = 130. We adopt the
values of Sˆmax,9 = 10 for silicate. It is worth to note
that above measurements are based on bulk materials,
and therefore, small grains may have different values of
tensile strength. Since the tensile strength is uncertain
parameter, we discuss how Smax changes our results in
Section 3.
2.4.2. Thermal sublimation
The sublimation temperature of dust grains, Tsub, is
determined by a balance between gas pressure and sat-
uration pressure (Guhathakurta & Draine 1989; Baskin
& Laor 2018). By using Equation (27) in Baskin &
Laor (2018), we compute Tsub with the the standard
solar elemental abundances (Grevesse & Sauval 1998).
As a result, we obtain Tsub = 1322 K for graphite and
Tsub = 1072 K for silicate grains when nH = 10
2 cm−3
and Tg = 10
4 K.
Since smaller grains are usually hotter than larger
grains, they can preferentially sublimate (e.g., Laor &
Draine 1993). We can define critical grain radius for
thermal sublimation such that Td(asub) = Tsub. Grains
smaller than asub will sublimate.
3. RESULTS
3.1. Electrostatic Grain Potential
We first solve Equation (1) with the steady state as-
sumption, and the results are presented in Figure 1. As a
general tendency, higher Uion and Tg gives larger grain
electrostatic potential. Our calculations are quantita-
4 Tazaki, Ichikawa, and Kokubo
10−3
10−2
10−1
100
101
100 101 102
n = 102 cm−3, Tg = 104 K
a
(µ
m
)
r (L
1
2
45pc)
asub, silicate
asub, graphite
aCE, silicate, Sˆmax,9 = 1
aCE, graphite Sˆmax,9 = 1
aCE, silicate Sˆmax,9 = 10
aCE, graphite Sˆmax,9 = 10
Figure 2. Grain radius against a distance from AGN. Black
and red lines indicate asub and aCE, respectively, where aCE
is computed for Sˆmax,9 = 1 for both silicate and graphite
grains. Solid and dashed lines indicate silicate and graphite
grains, respectively. Grey dotted and dash-dotted lines are
aCE for Sˆmax,9 = 10 for both graphite and silicate grains,
respectively. Grains with a ≤ asub, aCE will be disrupted.
tively agree with Weingartner et al. (2006), although
assumed radiation spectra are not the same.
Figure 1 shows that the grain potential depends on the
grain radius and becomes maximum at the sub-micron
sizes, while grain charge Zd is a monotonically increasing
function of grain radius. This is mainly determined by
two competing effects: photoelectric yield and photon
absorption efficiency. With decreasing grain radius, the
photoelectric yield is increased due to the small particle
effect (e.g., Watson 1973; Draine 1978). Hence, smaller
grains are more likely to emit photoelectrons once a high
energy photon is absorbed. However, decreasing grain
radius reduces the absorption efficiency of photons, once
the grain radius is smaller than the incident radiation
wavelength, which is typically about λ ∼ 0.1 µm. Hence,
due to lower photon absorption efficiency, the photoelec-
tric emission rate is decreased, and therefore, the grain
potential is decreased for smaller grains (a . 0.1 µm).
Because of these two effects, the grain potential is max-
imized at sub-micron sizes. Although the grain poten-
tial also depends on the grain composition, silicate and
graphite grains have almost similar grain potential.
Figure 1 also shows that the critical grain size for
Coulomb explosion is about aCE ∼ 0.01 − 0.1 µm for
Uion = 10
2 − 104 and Tg = 104 − 106 K at Sˆmax,9 = 1.
3.2. Coulomb Explosion versus Thermal Sublimation
Next, we compare aCE and asub as well as their radial
dependence from the center of AGN. Figure 2 shows
the critical grain radii asub and aCE for both silicate
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Figure 3. Extinction curves with and without Coulomb
explosion are shown in red-solid and blue-dashed lines, re-
spectively. For reference, grey short-dashed line is the av-
erage Milky Way extinction curve, which is computed with
amin = 0.005 µm and amax = 0.25 µm. Circles indicate ob-
served values taken from Gaskell & Benker (2007), whereas
crosses and squares indicate those taken from Czerny et al.
(2004) and Gaskell et al. (2004), respectively. We assume
amax = 1 µm.
and graphite composition as a function of the distance
from AGN. It is found that aCE has shallower radial
dependence than asub. The radial dependence of the
critical grain radius for sublimation is about asub ∝ r−2.
As long as the Rayleigh approximation is valid, that
is, wavelength of thermal emission is longer than the
grain radius, we have 〈Qabs〉Td ∝ a. Hence, for a fixed
dust temperature (Td = Tsub), Equation (4) results in
asub ∝ r−2. In other words, asub is proportional to the
radiative flux from AGN.
Grain charging seems to be caused also by the ra-
diation flux, since a grain is charged via photoelectric
emission. However, grain potential is not proportional
to r−2. For example, in Figure 1, even if Uion (∝ ra-
diative flux) decreases by an order of magnitude, grain
potential U decreases only by a factor of few. This re-
sults suggest that Coulomb explosion can be important
at larger distances, e.g., pc-scale distance.
Figure 2 also shows that a difference in aCE between
graphite and silicate grains is not so large compared to
the difference seen in asub. Thus, Coulomb explosion
tends to remove both silicate and graphite grains of al-
most similar grain radii. Meanwhile, for sublimation,
the graphite grains have smaller asub because (1) the
emissivity at near-infrared wavelength is higher, and (2)
Dust destruction by charging in AGN 5
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Figure 4. Same as Figure 3, but for different distances from AGN. For all lines, the AGN luminosity is set as L45 = 1. Left
and right panels show the results for with and without Coulomb explosion, respectively.
Tsub is higher (see also Laor & Draine 1993; Baskin &
Laor 2018). Therefore, this suggests that thermal subli-
mation preferentially remove small silicate grains rather
than graphite grains.
3.3. Extinction Curves
To understand how thermal sublimation or Coulomb
explosion changes extinction curves, we compute extinc-
tion cross section of grains. We assume that the grain
size distribution obeys dni ∝ Aia−3.5da (aimin ≤ a ≤
amax), where dni is the number density of dust grains of
type i (silicate or graphite) in a size range [a, a+da], and
Ai is the abundance of the grain type i (Draine & Lee
1984). We set aimin = max(a
i
sub,a
i
CE,amin,MRN), where
amin,MRN = 0.005 µm. We treat amax as a free parame-
ter. We also set the abundance of silicate and graphite
from Draine & Lee (1984). The extinction magnitude
at wavelength λ, Aλ, is
Aλ ∝
∑
i
∫
Ciext(λ, a)
dni
da
da, (6)
where Ciext(λ, a) is the extinction cross section of a grain
of type i with radius a. We define the extinction curve
as E(λ−V )/E(B−V ) = (Aλ−AV )/(AB−AV ), where
AV and AB are the extinctions at visual (5500 A˚) and
blue (4400 A˚) wavelengths.
Figure 3 shows the extinction curves for with/without
Coulomb explosion at 3L
1
2
45 pc away from the nucleus.
The extinction curve with Coulomb explosion can suc-
cessfully reproduce flat extinction curve as well as the
absence of 2175 A˚ bump. In addition, predicted extinc-
tion curve is consistent with the observation by Gaskell
& Benker (2007). Meanwhile, the extinction curve with-
out Coulomb explosion, or aimin = max(a
i
sub, amin,MRN),
shows prominent 2175 A˚ bump. This is because subli-
mation does not remove small graphite grains, although
small silicate grains are removed (Figure 2). Since ob-
served AGN extinction curves do not show such a bump
(Gaskell et al. 2004; Czerny et al. 2004; Gaskell & Benker
2007), the sublimation model is insufficient to reproduce
observed extinction curves.
Figure 4 shows extinction curves at various radial dis-
tances. Even if the radial distances are changed, over-
all shape of the extinction curve with Coulomb explo-
sion is still similar with the one from Gaskell & Benker
(2007) up to r ' 10L 1245 pc, while the thermal subli-
mation model remains inconsistent with observations.
With increasing the distance from AGN, Uion decreases,
and then, smaller grains can survive from Coulomb ex-
plosion; nevertheless, 2175 A˚ is still weak for the model
with Coulomb explosion.
Extinction curves with Coulomb explosion are not sen-
sitive to the choice of maximum grain radius as long as it
is larger than 0.25 µm (Figure 5). When grain radius is
smaller this value, the extinction curve steeply increases
with decreasing wavelength.
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1 µm.
Extinction curves with Coulomb explosion are found
to be similar to those observed by Gaskell & Benker
(2007). In addition, if maximum grain radius is smaller
than 0.25 µm, the curves become similar to those ob-
served by Czerny et al. (2004). However, our model
fails to explain observations by Gaskell et al. (2004).
Explaining such extinction curves might require addi-
tional mechanism, such as reduced-graphite abundance
(Gaskell et al. 2004).
4. DISCUSSION
4.1. Comparison with observations of torus innermost
radius
We have shown that the Coulomb explosion can be
more important process for dust destruction than ther-
mal sublimation. Meanwhile, near-IR (NIR) dust rever-
beration mapping observations for AGNs, which show
that the color temperatures of the variable hot dust
emission agree with the dust sublimation temperature
(1400 − 2000 K), and the innermost radius of the dust
torus Rin is proportional to the square root of the AGN
luminosity (Rin ∝ L1/2AGN), strongly suggesting that the
dust innermost radius is determined by the thermal
sublimation (Yoshii et al. 2014; Koshida et al. 2014;
Minezaki et al. 2019; Gravity Collaboration et al. 2020,
and references therein). This apparent conflict can be
attributable to the difference of gas density.
While the ambient gas density of nH = 10
2 cm−3
assumed throughout the calculations in this work is a
reasonable assumption for the outflowing gas at the po-
lar region of AGNs, the gas density of the equatorial
dust torus is expected to be much higher. The gas at
the innermost part of the dust torus can be as dense
as broad emission line regions, where nH ∼ 1010 cm−3
(e.g., Baskin & Laor 2018; Kokubo & Minezaki 2020);
in such a dense gas region, higher dust sublimation tem-
peratures are expected (Tsub = 1880 K and 1503 K for
graphite and silicate grains, respectively), and the rel-
ative importance of the Coulomb explosion relative to
the thermal sublimation is significantly reduced due to
inefficient grain charging by the enhanced electron col-
lision rate (see Section 2.2). Therefore, unlike in the
case of the polar dust region, the dust destruction at
the innermost region of the equatorial dust torus must
be governed by the thermal sublimation.
4.2. Tensile strength of small grains?
Coulomb explosion depends on the tensile strength
assumed. Figure 6 shows how the tensile strength af-
fects extinction curves. In Figure 6, both silicate and
graphite grains are assumed to have the same tensile
strength. As the tensile strength increases, Coulomb ex-
plosion becomes inefficient, and then, both small silicate
and graphite grains can survive. As a result, extinction
curves shows an increase toward shorter wavelength with
a prominent 2175 A˚ bump. Hence, observed extinction
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curves, e.g., a lack of 2175 A˚ bump, seems to be repro-
duced when Sˆmax,9 . 10, and this is within a range of
measured values for bulk materials (e.g., Section 2.4.1).
Under the assumption of the tensile strength for bulk
materials determined by laboratory experiments, the
Coulomb explosion leads to the absence of small dust
grains in the close vicinity of AGNs and thus can nat-
urally explain the observed flat extinction curve. Con-
versely, if the tensile strength of the cosmic dust is far
stronger than that for the bulk materials due to, e.g.,
crystallization by annealing for hot small grains, the
graphite grains survive even under the large electrostatic
potential and the 2175A˚ bump feature is unavoidable.
Therefore, if our scenario for the flat extinction curve
by the Coulomb explosion is true, it also suggests that
the tensile strength of the cosmic dust must be close
to the value of the bulk materials. However, we should
keep in mind that if PAH nanoparticles are the carrier
of the 2175A˚ bump, the bump might be suppressed by
destroying these particles as suggested by observations
(e.g., Sturm et al. 2000).
5. CONCLUSION
In this paper, we have shown that thermal subli-
mation is insufficient to reproduce observed AGN ex-
tinction curves because this model predicts too strong
2175 A˚ bump due to preferential survival of small
graphite grains. We have proposed that Coulomb ex-
plosion can successfully reproduces flat extinction curves
as well as the absence of 2175 A˚ bump as long as the
tensile strength is lower than 1010 erg cm−3. The pre-
dicted extinction curves have shown to be very similar
to those observed by Gaskell & Benker (2007) as well
as Czerny et al. (2004). The Coulomb explosion model
implies that variety of radiation environment (Uion) and
maximum grain radius may partly explain various types
of observed AGN extinction curves (Czerny et al. 2004;
Gaskell & Benker 2007).
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